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We describe the design, construction, and characterization of a medium-finesse Fabry–Pérot cavity for
simultaneous frequency stabilization of two lasers operating at 960 and 780 nm wavelengths, respectively.
The lasers are applied in experiments with ultracold rubidium Rydberg atoms, for which a combined
laser linewidth similar to the natural Rydberg linewidth (≈ 10 kHz) is desired. The cavity, with a finesse
of≈ 1500, is used to reduce the linewidth of the lasers to below this level. By using a spacer made of ultra
low expansion (ULE®) glass with active temperature stabilization, the residual frequency drift is limited
to . 1 MHz/day. The design optimizes for ease of construction, robustness, and affordability. © 2017
Optical Society of America
OCIS codes: (020.5780) Rydberg states; (120.2230) Fabry-Perot; (140.3425) Laser stabilization; (300.3700) Linewidth; (300.6310)
Spectroscopy, heterodyne
1. INTRODUCTION
Ever since the original experiments by Fabry and Pérot, opti-
cal cavities [1, 2] have been useful tools for accurately measur-
ing distances and creating frequency-specific light sources [3].
Nowadays their uses are versatile, and they can be found in
numerous places where stable and/or narrow wavelength lasers
are required. This includes but is not limited to their use in
the LIGO facilities for the detection of gravitational waves [4];
their relevance as a source for stabilizing lasers with sub-Hz
linewidths [5–8]; and their use as frequency-selective elements
for wavelength multiplexing in optical communication networks
[9]. Cavities are popular in the field of atomic physics, too, as
a source for stabilization of lasers, and as a platform for explor-
ing strong light–matter couplings, for example, in cavity QED
[10, 11].
In the 1960’s cavities were predominantly used for stabilizing
gas and dye lasers [12–14], but since the advent of semiconduc-
tor lasers they have proven to be a reliable source for stabilizing
them, too. Because of a diode’s sensitivity to optical feedback,
it is for instance possible to stabilize it by feeding the reflected
signal of the cavity directly back into the diode [15]. Nowadays,
however, with the advent of cheap and high-bandwidth feed-
back electronics, it is more common to generate an error signal
which is fed back into the diode electronically [16, 17]. Although
there exist several schemes for generating an electronic error sig-
nal, the most common technique is that of Pound–Drever–Hall
(PDH) stabilization, where the phase of the laser is modulated
with an RF signal [18, 19].
Cavities prove to be an excellent source for stabilization sig-
nals in a wide range of atomic physics experiments, for instance
that of Rydberg physics. Rydberg atoms [20] have lifetimes in
the 100 µs range (depending on principle quantum number),
and therefore their optical transition linewidths are typically
in the kHz regime. Several proposals, for instance Rydberg
dressing [21, 22], require narrowed lasers with linewidths on
the order of 10 kHz. Cavities are convenient in this context,
because through the choice of mirrors the width of the reference
feature can be engineered [1, 2]—as opposed to Doppler-free
saturation spectroscopy in vapor cells, typically used for laser
cooling applications, where the linewidth is limited by the natu-
ral linewidth of the relevant atomic species (for rubidium this
is several MHz [23]). In a two-photon excitation scheme vapor
cells can in principle also be used for locking the upper transi-
tion’s laser, e.g. using a method based on electromagnetically
induced transparency, for instance [24]. This requires a large
amount of laser power, and it also means the laser frequency
cannot be scanned without additional steps. Finally, a cavity is
advantageous compared to atomic transitions because it does
not saturate.
A disadvantage of a locking scheme based on a cavity is
that the resonance frequencies are arbitrary and are not in any
way related to atomic transitions. This is a problem that can be
mitigated by a locking scheme that relies on a stable fixed-length
cavity combined with movable sidebands [25].
Here we describe the design, construction, and characteriza-
tion of a medium-finesse cavity setup and its use for linewidth
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narrowing and stabilizing two diode lasers that are used for
(two-photon) Rydberg excitation of ultracold rubidium gases.
Our linewidth requirements are at the kHz level where a
medium-finesse cavity suffices. Our design was optimized for
affordability, ease of construction, and robustness. It is intended
for two-photon excitation of high-lying Rydberg states (n ≥ 20)
from the ground state of 87Rb using lasers operating at 780 nm
(near the 5s1/2–5p3/2 transition) and at 480 nm (near the tran-
sition from the 5p3/2 level to ns or nd Rydberg levels). The
cavity that is described here was designed to operate at wave-
lengths of 780 and 960 nm (the 480 nm light that was used for
Rydberg excitation was derived from the latter using second
harmonic generation). This is similar to the setup described
in Ref. [26] by Naber et al. where they employed a commercial
cavity from Stable Laser Systems [27] for a similar purpose. Our
experiment also bears resemblance to that of Löw et al. described
in Ref. [28]. Here a Zerodur® spacer block with two separate
bores—one for each wavelength—was used. The length of each
cavity was independently controllable with a special piezo stack
that is insensitive to thermal fluctuations [28].) Their cavity ef-
fectively consists of two cavities, and is more complicated to
assemble than ours. The design presented here is inspired by
that of Stellmer as described in Ref. [29] and that of Boddy from
Ref. [30].
2. DESIGN CONSIDERATIONS
The design principle of most cavities is to attach two highly-
reflective mirrors to a spacer block made of material that has
a stable length. Often this is a material with a low thermal ex-
pansion coefficient, but the length can also be actively stabilized.
This spacer, then, is placed in a stable mount which is put in
a vacuum chamber. Our design incorporates some improve-
ments over Stellmer’s design, some of which were suggested in
Ref. [29], which will be elaborated below.
For the design of our cavity several considerations were taken
into account. First of all, to prevent air currents and short-
term thermal fluctuations from changing the alignment or the
spacer length, the cavity is mounted in a vacuum system. This
is pumped by an ion pump to avoid mechanical vibrations. Be-
cause we wanted to implement a dual laser-locking scheme with
the same cavity, a piezo-based design was less suitable. That is
because it is not possible to independently control the resonance
positions of two different lasers this way. Additionally, a piezo
can cause mechanical instabilities and requires feeding through
wires through the vacuum system, which makes a sideband-
locking scheme all the more attractive [25].
Our cavity is non-hemispherical, and the mirrors are in a
plano-concave configuration; the reason for which is threefold:
i) The alignment of the mirrors’ optical axes in a plano-concave
cavity is not crucial, making the assembly easier, ii) a confocal
configuration puts stringent constraints on the spacer length,
and iii) in a realistic confocal system the higher order modes
will not perfectly overlap with the principal mode due to small
misalignments, leading to artificial broadening [1].
The reflectivity of the mirrors we need is set by requirements
on the finesse F of the cavity: this is the ratio of the free spec-
tral range ( fFSR = c/2L) and the full width at half maximum
(FWHM) δf of the principal cavity resonances.
Fixing the finesse and the cavity length L thus fixes the
width of the resonances, which in turn determines the possi-
ble linewidths that can be achieved by locking to it. Using a
typical PDH setup it is possible to reduce the laser linewidth to
a fraction of the cavity linewidth [18, 19]. Reduction by factors
of 10−4 is typical, and it is even possible to achieve a factor of
10−6 [31]. For our experiments, we aim for a factor better than
10−2. Since the lasers have to be narrowed to ∼ 10 kHz this
requires a cavity linewidth of ∼ 1 MHz. Furthermore, the cavity
should not be too long, since this will make it more sensitive
to vibrations [5, 6]. It must also not be too short, for then the
free spectral range becomes so large it cannot be spanned by the
movable sidebands. We choose a length L = 100 mm, which
puts the required finesse at (c/2L) /δf ≈ 1500.
Last but not least there is the price of the system. Commer-
cial cavities of a similar design made by Stable Laser Systems
are used elsewhere in the field (see e.g. Ref. [26]). By using a
design that combines two low-expansion glasses (ZERODUR®
and ULE® [27]), the typical finesses and long-term drifts of their
cavities are better than the design we are describing presently.
There is a price tag attached, though; our complete setup costs
less than €7,000. This includes the vacuum system with pump,
and the production of the spacer and mirrors; the fabrication
of the latter is the most expensive, since the mirrors have to be
highly reflective for both 780 and 960 nm. A fully assembled
cavity from Stable Laser Systems (SLS) costs several times that
[27].
3. THE CAVITY DESIGN
The cavity itself consists of a spacer of ultra-low expansion
(ULE®) glass (measuring (30 ± 0.1) × (30 ± 0.1) × (100 ±
0.2) mm3), which was custom made by Hellma Optik. The
reason for choosing ULE® was that it has an extremely low co-
efficient of thermal expansion (0± 30× 10−9/◦C), which has a
zero crossing close to room temperature [32]. Alternatives such
as ZERODUR® have slightly higher expansion coefficients but
may be better at other temperatures [33]. The spacer has a main
bore centered along the long axis (10 mm) and an additional
bore (3 mm) in one of the sides which is intended for venting.
The cavity mirrors were custom made by Layertec GmbH.
The radii of curvature were chosen as R1 = 500 mm and R2 = ∞,
making this a plano-concave cavity well within the stability
region [1, 2], given by the criterion
0 ≤ g1g2 ≤ 1, (1)
with
gi = 1− LRi ,
where L is the length of the cavity.
Additionally, for these values the resonance frequencies of
the first few higher-order transverse modes are different from
those of the principal modes.
The transverse mode spacing is a fraction
arccos
(√
g1g2
)
/pi ≈ 0.15 of the free spectral range [1], so that
the first few transverse modes will be clearly distinguishable
from the principal ones.
The mirrors are specified to have a reflectivity of 99.8± 0.1%
at wavelengths of 780 nm and 958–970 nm, leading to a finesse
[1]
F = pi
√
R
1− R ≈ 2000. (2)
The mirrors were glued onto the spacer using EPO-TEK®
353ND epoxy [34]. This was chosen for its low outgassing rates
such that it is suitable for use in a vacuum system.
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Fig. 1. Drawings of the cavity design. Top: Exposed view from
front (left) and top (right) with relevant dimensions in mm or
degrees. Bottom: View with the cover included.
The assembly of the spacer and the mirrors is placed in a
hemicylindrical block of stainless steel with a gutter to accom-
modate the spacer. This gutter was designed to have a 2◦ angle
with respect to the long axis of the block to prevent any problems
with back reflections from the windows of the vacuum assembly
in which it is placed. The spacer is supported by four short
Viton® rods (with a length and diameter of approximately 20
and 5 mm, respectively).
A cover was designed to protect the exposed part of the
spacer from black-body radiation and hazards such as debris
coming from the ion pump (to which there is a direct line-of-
sight otherwise). This cover has two holes on either side for
optical access to the cavity. Figure 1 includes some renderings
of the full design. In Stellmer’s original cavity, the spacer was
enclosed, and clamped in tight by a cylinder of stainless steel
and thereby protected [29]. Despite this being more rigid, it does
cause stresses on the spacer that are not desirable.
4. THE VACUUM SYSTEM
The stainless steel block was placed in a vacuum system to
reduce temperature and air fluctuations. It was also supported
by short Viton® rods (of similar dimensions as those mentioned
above) so that it does not contact the vacuum chamber directly.
A diagram of the assembly can be seen in Fig. 2.
The system consists of standard vacuum parts: two reducing
tees (DN100 to DN40 and DN40 to DN16); the mount is placed in
the larger tee, and the smaller one is used to attach an ion pump
and a valve. There are viewports on either side of the larger tee,
allowing us to monitor both the reflection and the transmission
signals. The flatness of standard viewports can be a problem,
however, viewports that are suitable for laser applications are
expensive. Therefore we chose to equip the chamber with two
different viewports: one made from standard Kodial® glass,
and one made from UV grade fused silica. They were used on
the transmission and reflection sides of the cavity, respectively,
because it is the reflection signal we are interested in for locking.
The system has a small, dedicated ion pump (Agilent, 2 l/s)
for maintaining vacuum conditions. There is also a valve which
Fig. 2. Drawings of the vacuum system with the cavity
mounted inside. Top: top view of the system. The dashed lines
indicate the areas that are wrapped in Superwool®. Bottom:
side view of the system. In both drawings the ion pump is in
the center (represented by the black square) and the valve is
on the left.
shuts off a flange that can be used for connecting a turbo pump;
this is only used for initially evacuating the system, and not part
of the day-to-day operation. After the system was assembled,
it was evacuated using a turbo pump, and baked at a modest
temperature of 50 ◦C for one week.
Subsequently the valve was closed and the turbo pump was
disconnected, leading to a final pressure of about 3× 10−7 mbar
(as derived from the ion pump current).
5. TEMPERATURE STABILIZATION
Despite our best efforts to insulate the cavity from the environ-
ment by placing it in a vacuum system, temperature fluctuations
are bound to couple into it. Small changes on the order of 100 mK
will affect the length of the cavity slightly and thereby change
the resonance positions. We will now estimate the size of this
effect. Any principal cavity mode satisfies fn = nc/2L, with
n the mode index. If the length L of the spacer changes by an
amount ∆L, this means that the resonance frequency will shift
by
∆ fn =
nc
2L
− nc
2 (L+ ∆L)
. (3)
The change in length is determined by the coefficient of thermal
expansion αT through ∆L = αTL∆T. Using this, and setting
fn = c/λ (where λ is the wavelength of the light) we get
∆ fn =
c
λ
αT∆T
1+ α∆T
≈ cα∆T
λ
, (4)
where in the last step we used α∆T  1.
For λ = 780 nm and α = 30 · 10−9 K−1 (the upper limit to the
thermal expansion coefficient of ULE® [32]) this means that a
temperature change of 100 mK will result in a length change of
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0.30 nm, corresponding to a frequency shift of 1.15 MHz. With-
out any additional stabilization, such fluctuations are likely to
find their way into the system, because the laboratory tempera-
ture is only regulated at the level of 1 K.
In order to stabilize the temperature and thereby stabilize the
cavity itself, a resistive heating pad1 was stuck to the DN100
part of the large reducing tee. Three temperature sensors (LM35,
Texas Instruments, Inc.) and two thermistors (10 kΩ, NTC, Epcos
AG) were attached as well in order to monitor and regulate
the temperature, respectively. For further insulation, the
assembly was wrapped in a Superwool® blanket [35] which, in
turn, was covered using aluminium foil.
To regulate the temperature we used a PTC5K-CH controller
(Wavelength Electronics, Inc.) which is compatible with sev-
eral temperature sensors including our 10 kΩ thermistor [36].
It sends 100 µA through the thermistor, and uses the output
voltage as an error signal in a PI-circuit. For stable regulation, it
was necessary to increase the time constant of the integrator by
replacing the default 3.3 µF capacitor by a 10 µF capacitor.
To reduce the coupling in of thermal fluctuations from the
environment, we added a second temperature controller with
heating foil that regulates the temperature of the mounts of the
vacuum system enclosing the cavity. The foil2 for this circuit
was glued on the breadboard between the mounts, and the
thermistor was placed on one of them.
The controller was optimized such that the temperature is
stable and there is no crosstalk between the two controllers.
A change in temperature of the vacuum chamber will not
result in an instantaneous equivalent temperature change of
the steel mounting block and the cavity spacer. The heat flow
between the components is resistively coupled via the Viton®
rods, and can be thought of as the thermal equivalent of an
electrical RC-circuit. Here the Viton® acts as thermal resistor,
and the mount and spacer are both thermal capacitors. The
parameters of interest are the heat conductivity and capacity
of the different materials. First we will consider the heat flow
between the vacuum housing and the steel mounting block.
The specific heat of steel is 0.483 J/gK [37]; with our mount-
ing block weighing approximately 2 kg, this means that its heat
capacity is∼ 1 kJ/K. The precise thermal conductivity of Viton®
is unknown, it is a fluoroelastomer, which is a type of synthetic
rubber. For our estimate we will use the conductivity of nat-
ural rubber, which is approximately 0.2 W/Km [37]. Under
the assumption that the rods are cuboids this puts the thermal
resistance at about 250 K/W. Since there are four rods con-
nected in parallel, the total thermal resistance is a quarter of this
number, so about 60 K/W. For the coupling of environmental
fluctuations into the steel mount we thus find an RC-time of
approximately 60 K/W · 1 kJ/K ≈ 17 hrs.
Similarly, the ULE® spacer has a specific heat of 1.31 J/gK
[32] and a mass of 200 g, resulting in a heat capacity of 153 J/K.
Assuming the same thermal resistance for the support rods this
yields an RC-time of ≈ 3 hrs. This timescale is shorter than that
of the steel mount, so heat transport into the mount will be the
rate limiting step for heating of the whole assembly.
6. RF GENERATION
In order to control the frequency of the lasers and stabilize them
in a spectroscopically relevant place, RF signals were needed
1Thermo Flächenheizungs GmbH, measuring 230 mm× 130 mm and specified
to provide 20 W at 24 VAC/DC.
2Thermo Flächenheizungs GmbH, measuring 170 mm× 70 mm and specified
to provide 30 W at 24 VAC/DC.
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Fig. 3. Top: Transmission spectrum of a principal mode of
the 960 nm beam with weak phase modulation sidebands at
∼ 25 MHz. Bottom: Error signal derived from the reflection
of the same mode. The frequency axes were determined using
the position of the sidebands that are required to generate the
PDH signal.
for sideband generation. The sidebands were applied using
fiber-based electro-optic modulators (EOMs) (PM785 and PM940
for the 780 and 960 nm light, respectively) from Jenoptik AG.
For each laser, two RF signals were required: one to generate
movable sidebands (in the 100–1500 MHz range) to which the
lasers could be locked, and one to generate sidebands at ∼
25 MHz for the Pound–Drever–Hall locking scheme [18, 19].
The 25 MHz signals were taken from the Toptica PDD110
modules of the respective lasers. The movable sidebands were
generated using a controllable RF source. We used a SynthUSBII
from WindFreak Technologies, LLC., which is an implementa-
tion of the ADF4351 chip from Analog Devices, Inc. It has a
tuning range from 34 MHz–4.4 GHz and features an integrated
microcontroller which makes it easy to incorporate in the exist-
ing laboratory software.
7. CAVITY ANALYSIS
Using the 960 nm light, spectra of the cavity were obtained.
Using a scan over a full free spectral range we found this to
equal fFSR = 1495± 2 MHz. This frequency was calibrated by
overlapping the movable sidebands of two adjacent modes. This
free spectral range corresponds to L = 100.2± 0.1 mm, which is
close to the specified length of the spacer.
Theoretically we expect fFSR ≈ 1500 MHz for our case. The
slight discrepancy between this and what we measure can (par-
tially) be explained by the fact that one of the two mirrors is
curved, effectively increasing the length of the cavity. Along the
central axis the increase in length equals
∆L =
d2
4R1
1√
1− (d/2R1)2
= 80.7 µm, (5)
(with d = 12.7 mm being the mirror’s diameter and R1 =
500 mm its radius of curvature). This means that now fFSR =
1498 MHz. This is still not equal to what we measured, but it
does put the length of the spacer within its specified margin.
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A more detailed transmission spectrum around a principal
resonance is shown in Fig. 3. The corresponding error signal
which we obtained can be seen in the same figure.
Due to the finite rise time of our relatively slow photodi-
ode (Thorlabs DET100A, 43 ns) it is difficult to get an accurate
linewidth from this. First of all this means that the photodiode
will keep showing a signal for a (short) while after the cavity
has stopped doing so. Additionally, the cavity ‘bleeds’ light
for a while after the laser is scanned across resonance due to
the buildup of light in it. We can make a crude estimate of the
width of the cavity features, though: from Fig. 3 we estimate the
FWHM to be around one MHz; dividing fFSR by the FWHM,
we find that F ∼ 1500. This is sufficient for our present pur-
poses, which is to lock the lasers and reduce their linewidth to
 1 MHz.
8. LINEWIDTHS & STABILITY
The final verdict of the performance of our cavity design is based
on two indicators: the linewidth of the lasers that are locked
to it, and the overall stability of the positions of the resonances.
Both these values can be obtained using a heterodyning setup.
The measurement of the long-term drift is discussed in Sub-
section B, but first we will focus on measuring the short-term
laser linewidths. This can be achieved using a technique called
‘self heterodyning,’ which involves splitting the light in to two
arms, one of which is delayed for a time on the order of the laser
coherence time τc or longer [38]. The resulting two beams can
be considered as independent, and when they are overlapped
on a photo diode they will produce a beating signal. The self-
heterodyne technique measures the phase diffusion of the laser
(on the timescale of the optical delay, see below), which is the
dominant source of the laser linewidth for our lasers.
A. Self-heterodyning
To analyze the linewidths of our lasers, we used a self-
heterodyning setup with a 12.4 km long fiber. We used an
AOM in double-pass configuration3 to shift the other beam by
160 MHz. The beams are recombined on a fast photo diode (New
Focus, 1601FS-AC), which is connected to a spectrum analyzer
to measure the beat signal.
The fiber has a refractive index n f of approximately 1.5 [39],
which means that the delay time τdel. is approximately 60 µs.
Note that the refractive index depends on wavelength, so this
is just an estimate. The delay time sets an upper bound for the
linewidth that can be measured accurately, since δf ∝ 1/τc. If
τc & τdel. the beams will still be (partially) coherent, meaning
some interference will result.
If the two beams are fully incoherent the beating spectrum
can be thought of as a convolution of the laser with itself. This
means that the laser linewidth will be between a factor 1/
√
2
and 1/2 of the measured linewidth [38], depending on whether
we assume a Lorentzian or Gaussian lineshape.
A Voigt function is the most complete description [1]; this
is a convolution of a Gaussian and Lorentzian profile, and will
result in a combined linewidth that is within the bounds set by
its constituent distributions. It is suitable for situations in which
two or more broadening sources with Lorentzian and Gaussian
characters (e.g. the natural laser linewidth and technical phase
noise) play a significant role.
3By using it in a double-pass configuration it is easier to switch between a 780
and 960 nm beam since the AOM then does not need realigning.
Under the assumption of a white (frequency) noise distribu-
tion it is still possible to obtain a linewidth from a measurement
in which some coherence remains. These measurements, how-
ever, are notoriously difficult to interpret accurately [40, 41].
In those cases it is possible to fit an expression to the power
spectrum of the form [40–42]
S( f ) ∝
δf
( f − f0)2 + (δf )2
×(
1− e−2piδf τdel
{
cos [2piτdel ( f − f0)] +
+
δf
f − f0 sin [2piτdel ( f − f0)]
})
. (6)
In the fully incoherent limit (δf τ  1) the exponent will go to
zero, resulting in a purely Lorentzian lineshape. This expression
also shows that, in the case of some remaining coherence, the
fringes will have a period of τdel, which we can compare to
what we expect based on the length and refractive index of the
fiber. Even though analyzing these fringes can be tricky, at the
very least their presence provides a characteristic scale for the
linewidth. The key is the suppression factor exp (−2piδf τdel)
which is non-negligible for δf . 1/2piτdel; for us this last factor
is approximately 3 kHz.
A.1. 960 nm laser
In a self-heterodyning measurement we measure both the free-
running laser spectrum, and the stabilized laser linewidth. For
the latter the laser is locked to the cavity using a high-bandwidth
PID controller (Toptica, FALC 110) which has a bandwidth of
about 45 MHz [43]. This is an absolute prerequisite if one is
to narrow a diode laser, which typically has frequency noise
above the MHz level [44]. We used the linewidth measurement
to optimize the settings of the PID controllers by looking at how
the profiles narrowed and developed fringes as we changed
the settings of the several integrators that are in the controllers.
What we present here are the results obtained using optimized
settings.
The beat signal was analyzed using a Rigol DSA815 spectrum
analyzer. Each measurement consists of about 30 averages to
increase the signal-to-noise ratio. Figure 4 contains both the
locked and unlocked spectra of the 960 nm laser. To obtain
quantitative information from these results we fitted several
functions to them, the fits are included in Fig. 4 as well. For
the unlocked laser spectrum we used a pseudo-Voigt profile,
which is a weighted sum of a Lorenzian and a Gaussian function
[45, 46]. From this we obtained a Lorentzian (FWHM) linewidth
of 70 kHz and a Gaussian (FWHM) linewidth of 160 kHz. The
fitted pseudo-Voigt was 18% Lorentzian, and 82% Gaussian. The
−3 dB points are 320 kHz apart, which means that the laser’s
linewidth is between 160 and 230 kHz, depending on its spectral
character (see above, also Ref. [38]). There exists an empirical
expression to obtain the FWHM of a Voigt profile (γV) from its
constituent Lorentzian and Gaussian profiles’ widths (γL and
γG, respectively) [47]. It is given by
γV = 0.5346γL +
√
0.2166γ 2L + γ
2
G . (7)
With our fit parameters this results in a Voigt linewidth of
200 kHz which is in accordance with what we expect based
on the distance between the −3 dB points.
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Fig. 4. Self-heterodyned interferometric spectra of the un-
locked (left) and locked (right) 960 nm laser (measured with
resolution bandwidths of 1 kHz and 100 Hz, respectively).
To fit the unlocked spectrum we used a pseudo-Voigt line-
shape, yielding a laser linewidth of around 200 kHz. The fits
in the locked spectrum are to Eq. (6), and are optimized for
two different regimes: they fit to either the central region for
absolute detunings . 10 kHz (black, solid) or to the fringes,
absolute detunings & 50 kHz (grey, dashed), and lead to laser
linewidths δf of 4 and 20 kHz, respectively.
The locked laser spectra were fitted using Eq. (6). As is
pointed out in Ref. [41], it is difficult to get this function to fit
both the fringes and the central part; we follow an approach sim-
ilar to that taken in said reference where they fit two functions
(each with the same total spectral intensity): one that matches
the modulation depth of the fringes, and one that matches the
power level of the wings. The reason that it is not possible to
make a single good fit is that that the phase noise is not white,
as is assumed in Eq. (6), but has some additional low-frequency
components which are not accounted for [41]. For the 960 nm
laser we chose to fit the central peak and fringes separately.
The delta-peak in all these measurements is caused by the
AOM being aligned imperfectly. An unshifted portion of light
is still present in the path that is not delayed, leading to a sharp
peak at the AOM frequency regardless of whether the delayed
light is present or not. The peak is very narrow, but in practice
it is broadened by the finite resolution bandwidth of the spec-
trum analyzer. We account for it by adding a delta peak at zero
frequency to the fitting function, but this is only done to prevent
our fitting routine from attempting to fit Eq. (6) to the narrow
feature.
We obtain linewidths δf of 4 and 20 kHz when fitting to the
central part and the wings, respectively. Both fits result in a
similar value for the fringe spacing, corresponding to a delay
time of 61.9 µs, which is in accordance with what we expect
based on the fiber specifications.
A.2. 780 nm laser
To measure the linewidth of the 780 nm laser we largely followed
the same procedure as for the 960 nm laser. The difference be-
tween the locked and unlocked laser is shown in Fig. 5. These
data were fitted as well (see Fig. 5); for the unlocked laser a
simple Gaussian profile fitted sufficiently well, and we obtained
a FWHM laser linewidth of 300 kHz. For the locked laser we
found a δf of 3 kHz, and a delay time of 62.2 µs (a single func-
tion fit the profile sufficiently well). The difference between
the delay times between the two lasers (as far as it is outside
of the measurement error) can be explained by a wavelength-
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Fig. 5. Self-heterodyned interferometric spectra of the un-
locked (left) and locked (right) 780 nm laser (measured with
resolution bandwidths of 1 kHz and 100 Hz, respectively). We
used a Gaussian lineshape to fit the unlocked spectrum; this
led to a laser linewidth of 300 kHz. To fit the locked spectrum
we used Eq. (6) again, this yielded a linewidth of δf of 3 kHz.
dependence in the index of refraction of the fiber. This last result
for δf should certainly be taken with a grain of salt for reasons
mentioned above (i.e. the assumption of the noise character),
although it should be pointed out that for this measurement it is
possible to fit Eq. (6) to both the central region and the fringes.
(This was difficult for the 960 nm laser, cf. Fig. 4.)
B. The cavity drift
In our experiments involving Rydberg excitation we have no-
ticed an apparent drift in the resonance frequency over time.
This is caused by a drift in the frequency of the cavity feature to
which the lasers are referenced.
To measure the cavity drift we used our 780 nm Rydberg
laser, which was heterodyned with a beam derived from another
780 nm laser in our laboratory, which is locked to a rubidium va-
por cell via Doppler-free saturated absorption spectroscopy. We
used the same heterodyning setup as we used for the linewidth
measurements described above, but without the delay fiber.
This means that one of the two lasers is shifted by an additional
160 MHz by the AOM that is still on the board.
The reference laser is locked to a rubidium vapor cell, so it is
relatively broad but stable over time. We measured its linewidth
to be 360 kHz (full-width at half maximum).
This linewidth is good enough to monitor frequency drifts
on the order of MHz. The reference laser is locked to the F =
2 → F′ = 1, 3 crossover, and the Rydberg 780 nm laser is blue-
detuned4 by 300 MHz from the F = 2 → F′ = 3 transition.
Therefore the frequency difference between the lasers is (211.8+
300) MHz = 511.8 MHz [23]. The AOM still in the setup shifts
the Rydberg laser by an additional 160 MHz. This means that
the frequency difference between the two lasers is approximately
670 MHz.
We measured the drift by reading out the peak beat frequency
from the spectrum analyzer every ten seconds. Using this and
our relatively stable laser locks we were able to do measurements
over multiple days.
Figure 6 shows a combination of such measurements taken
over the course of a month.
When the system reached equilibrium after having switched
4This seemingly arbitrary number was set by the cold-atom Rydberg experi-
ments we were running in parallel.
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Fig. 6. Characterization of the long-term drift of the cavity
through measurements of the difference frequency between
two lasers over the course of a month. The linear fit has a
slope of −1.02 MHz/day. Inset: data from a single day (cover-
ing ≈ 5 hours) indicated by the rectangle.
on the stabilization circuit for the mounts’s temperature as well,
an overall drift was left; see Fig. 6. This was about 1 MHz/day.
We can estimate how much the cavity has to expand by to
achieve a frequency shift of 1 MHz. For a wavelength of 780 nm
this is 0.26 nm.
This apparent expansion may be related to our mirrors be-
ing glued rather than optically contacted; this is an important
difference between this design and those presented elsewhere
[5–8, 27]. A possible mechanism for this slow expansion could
be that the glue crept between the spacer and the mirrors, and
is still curing, resulting in the length changes we appear to be
seeing.
The effect of temperature changes on the spacer was mea-
sured by disabling the circuit that regulates the temperature
of the cavity and its mounts. This led to an instantaneous in-
crease of coupling in of laboratory temperature fluctuations.
Specifically, we noticed that an sudden increase of 1 K in labora-
tory temperature (i.e. as happens after turning on all laboratory
equipment) led to a gradual drift of ∼ 5 MHz in resonance
frequency over a period of 10 hours. Using these data in con-
junction with Eq. (4) and the estimated thermal RC time of 17
hours leads to an expansion coefficient α of 23 · 10−9 K−1, which
is inside the specified range [32].
9. DISCUSSION
The cavity and the laser system locked to it are now being suc-
cessfully applied to excite Rydberg atoms and perform Rydberg
spectroscopy of ultracold rubidium atoms in our laboratory [48].
For a next-generation design it would be commendable to
assess the thermal coupling between the vacuum system sur-
rounding the cavity and the surface on which it is mounted in
greater detail. In our case the interface is that of stainless steel
against stainless steel, which has an excellent thermal conduc-
tivity. One of the advantages is that this does make the system
mechanically stable, and that the alignment of the laser beams
into the cavity only rarely needs to be adjusted. The timescale
of the observed thermal fluctuations is also important, because
if they are slow and persistent enough they will couple into the
system at some point anyway, regardless of any shielding be-
tween mounts and mounting surface. This means active thermal
feedback is essential; it might be very beneficial to add this to
the inside of the vacuum system, although this would involve
designing a vacuum-compatible regulating circuit. By adding
thermal regulation to the vacuum system’s exterior as well one
should be able to achieve a very stable system. In that case the
only drift that will remain is the one that seems to be inherent
to the assembly of spacer and mirrors. For this to be minimized,
it would also be highly recommended to optically contact the
mirrors to the spacer.
If one is to use this design as a template for a cavity of a
higher finesse, this can be done (up to a point) by increasing the
reflectivity of the mirrors. One should also bear in mind that the
performance of high-finesse cavities is in part limited by their
sensitivity to vibrations; our design was not optimized in this
regard, and it may be necessary to perform such an optimization
if higher stability is desired.
10. CONCLUSION
We have demonstrated an economical design for a medium-
finesse, dichroic, optical cavity (F ∼ 1500). Using a heterodyn-
ing setup, we measured laser linewidths of δf . 10 kHz for both
of our Rydberg lasers, and a long term drift of about 1 MHz/day
for our 780 nm laser. The cavity was protected from thermal
fluctuations of the environment using two independent temper-
ature regulation circuits. The resulting system is now in active
use to stabilize lasers for the excitation of ultracold rubidium
atoms to Rydberg states.
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